Above-barrier cross sections of α-active heavy reaction products, as well as fission, were measured for the reactions of 10,11 B with 209 Bi. Detailed analysis showed that the heavy products include components from incomplete fusion as well as complete fusion (CF), but fission originates almost exclusively from CF. Compared with fusion calculations without breakup, the CF cross sections are suppressed by 15% for 10 B and 7% for 11 B. A consistent and systematic variation of the suppression of CF for reactions of the weakly bound nuclei 6,7 Li, 9 Be, 10,11 B on targets of 208 Pb and 209 Bi is found as a function of the breakup threshold energy.
I. INTRODUCTION
Over the last decade, the effect of the breakup of weakly bound nuclei on both fusion and other reaction processes has been widely investigated, from theoretical and experimental perspectives [1] . Studies with weakly bound light stable nuclei indicate that complete fusion (CF) cross sections (defined experimentally [2, 3] as absorption of all the charge of projectile) are suppressed at above-barrier energies in comparison with the predictions of both the single barrier penetration model (SBPM) and the coupled-channels (CC) model [2, 3, 4, 5, 6, 7] . This is attributed to the low binding energy of the projectiles, which can break up prior to reaching the fusion barrier. In general, the missing CF cross sections are found in yields of incomplete fusion (ICF), which occurs when not all the fragments are captured by the target.
Calculation of CF cross sections, as distinct from ICF, is currently not possible using quantum-mechanical scattering theories such as the continuum discretised coupledchannels model (CDCC), which can only predict total (CF+ICF) fusion. To address this problem, a threedimensional classical dynamical model was recently developed [8] , allowing the calculation of CF and ICF cross sections at energies above the fusion barrier. The model relates above-barrier CF and ICF yields with belowbarrier no-capture breakup, where the Coulomb barrier inhibits capture of charged fragments by the target nucleus. This is achieved by the introduction of a stochastically sampled breakup function, which can be obtained experimentally from the measurement of nocapture breakup cross sections at sub-barrier energies [9] , or from CDCC calculations. A quantitative relationship between the CF and ICF at energies above the barrier and the below-barrier no-capture breakup opens up a new approach to studying the influence of breakup on fusion [9] . To test and exploit this new approach, both below-barrier and above-barrier measurements are required, for light nuclei with a range of breakup threshold energies. Ideally, all significantly populated CF and ICF channels should be measured, to allow detailed comparison with the model predictions.
As part of this development, the present paper describes measurements of CF and ICF cross sections for the 10,11 B + 209 Bi reactions at energies above the fusion barrier V B , ranging from 1.1V B to 1.5V B . A comparison of the above-barrier CF cross sections with SBPM calculations of fusion without breakup allowed the determination of the suppression of CF due to breakup of the 10 B and 11 B projectiles [2] . The most favorable breakup thresholds are quite different, being 4.461 MeV for 10 B and 8.665 MeV for 11 B. The CF suppression is compared with those obtained for reactions involving other stable but weakly bound projectiles.
II. EXPERIMENTAL METHOD
The experiments were performed using pulsed 10,11 B beams from the 14UD tandem electrostatic accelerator at the Australian National University. The beams, with a pulse width of 1 ns and interval of 640 ns, were incident on self-supporting nat Bi targets of thickness 480 µg cm −2 . Fission measurements were made with an unbacked target, whilst the yield of the heavy CF and ICF products were measured by their α-decay, using four Bi targets backed by 560 µg cm −2 Al foils to stop the recoiling evaporation residues (ER). The beam species, beam energy and target cycling sequence were chosen to minimize the buildup of activity contaminating subsequent measurements. The experimental arrangement was similar to that reported in Ref. [2] , and only a brief description is given here. Fission events following fusion were measured using two large area position sensitive multiwire proportional counters [10] . Each detector, with an active area of 28. 4 209 Bi reaction, including production both by CF and ICF. The nucleus captured is shown above the shaded square corresponding to the compound nucleus (CN) on the right. For the isotopes observed, the evaporation channel is labeled assuming only neutron evaporation from each CN. Possible production by charged particle evaporation after CF forming 219 Ra is indicated by the labeled vertical black arrows. α-particle decays are indicated by the large shaded diagonal arrows, which lead from the parent to the daughter nucleus. Electron capture decay is shown by the narrow diagonal arrows. The assignment of cross sections accounted for all these population and decay pathways.
get. To identify the heavy reaction products, their characteristic decay α-particle energies were used, and cross sections were determined using their known α branching ratios and half lives. The α-particles from shortlived activities (T 1/2 ≤ 24 min) were detected between the beam pulses by a back-angle annular silicon surface barrier detector. Alpha decays from long-lived activities were measured using a silicon surface barrier detector placed below the annular counter, close to the plane of the target ladder [2] . For normalization, two Si surface barrier detectors (monitors), symmetrically placed about the beam axis at 22.5
• , were used to measure elastically scattered beam particles. Absolute cross sections for fission and ER were determined by performing calibrations at a sub-barrier energy in which elastically scattered 58 Ni projectiles of 120 MeV were detected in the fission detectors and the annular α-counter as well as in the two forward-angle monitors. The relative solid angles of the annular and close geometry Si detectors was determined using the 24 minute α-activity from 212 Rn [2] .
III. DETERMINATION OF COMPLETE FUSION YIELDS
The identification and determination of the yields of the complete fusion products, amongst the many possible reaction products, will be described in order of the complexity of the procedure. Firstly the xn evaporation products following CF will be discussed, then fission following CF, and finally the products of pxn and αxn evaporation following CF. To illustrate the complexity of the analysis, the many possible paths for the production of all α-active products observed for the 10 B-induced reaction are shown in Fig. 1 .
A. Evaporation products following complete fusion
Complete fusion of 10,11 B incident on 209 Bi leads to the compound nuclei 219,220 Ra, respectively. Neutron evaporation is the dominant evaporation mode, producing residual Ra evaporation residues, all of which are α-active (the number of neutrons evaporated in the formation of the observed isotopes following 10 B fusion is indicated in Fig. 1 , for example for 214 Ra by the legend 5n). Since they can only be produced following complete fusion, interpretation of their measured cross sections is unambiguous. They are shown in Figs. 2(a) and 3(a) for the reactions 10,11 B + 209 Bi, respectively. As expected, each evaporation channel shows a gradual rise and fall with increasing energy, in accord with expectations from the neutron binding energies and average neutron kinetic energies.
The α-decay of these Ra nuclei produces Rn daughter nuclei, which also undergo α-decay, in turn forming Po daughter nuclei. Decay to daughter nuclei is indicated in Fig. 1 by diagonal shaded arrows. The measured cross sections for the Rn isotopes are presented in Figs. 2(b) and 3(b). For both reactions, they can be significantly larger than those predicted from the parent Ra yields, indicating that there are other mechanisms directly populating the Rn nuclei, as might be expected. Subtracting the expected Rn cross sections resulting from the Ra parent decay, the cross sections for the direct production of Rn isotopes are shown for 10 B in Fig. 2 (c), and for 11 B in Fig. 3(c) . The α energy spectra also showed the presence of small cross sections for production of Fr isotopes (not plotted). The origin of Fr and Rn isotopes are discussed next.
B. Production mechanisms of Fr, Rn products
The direct production yields of Fr and Rn can result from CF, through pxn and αxn evaporation respectively, in competition with xn evaporation and fission. These pathways are indicated in Fig. 1 by the vertical arrows, identified with the specific evaporation channel leading to the observed isotope (e.g. p4n leading to 214 Fr). However, this is not the only mechanism available. Fig. 1 by shading, with the specific captured fragment noted (e.g. 6 Li). Isotopes of Fr and Rn would be produced, as well as isotopes of At and Po, after evaporation of neutrons (the dominant evaporation channel) from these compound nuclei; these are indicated in Fig. 1 by the number of neutrons evaporated, for those isotopes that were observed in the experiment.
Because of the different pathways available in the 10,11 B + 209 Bi reactions, the yields of Rn isotopes originating from αxn evaporation following complete fusion cannot be directly separated from xn evaporation following ICF with capture of a 6,7 Li. Equivalently, yields of Fr isotopes produced after pxn evaporation from the CF compound nuclei 215,216 Ra will be mixed with the same products formed following capture of a 8, 9 Be fragment (or two 4 He). The resolution of this problem requires the introduction of more experimental information, which will be described after the attribution of the observed fission cross sections is discussed.
C. Attribution of Fission to Complete Fusion
To investigate whether the contribution of fission following ICF is significant, we define the empirical probability of fission following fusion as
in which the determination of the observed ICF cross sections (σ ICF ) will be discussed in the next section. Experimental values of P f is are plotted in Fig. 4 [11] . The latter correspond to the incomplete fusion reactions associated with the most favorable breakup channels. It is clear from the large reduction in P f is as the captured mass decreases that the contribution of fission following ICF of 6, 7 Li or 4 He will be negligible compared with that resulting from CF. As an example, we can estimate the maximum contribution to the fission yield from ICF for the 10 B + 209 Bi reaction. From Fig. 4 , the maximum probability of fission after a 6 Li fragment is captured is 7% at the highest value of E/A (7.5 MeV). It will be found in the next section that approximately 8% of the total fusion (CF+ICF) cross section is attributed to ICF with a 6 Li fragment, thus the fraction of the total fission is 0.07x0.08 divided by the fraction of CF resulting in fission at this energy (∼0.6), giving less than 1% of the fission yield resulting from ICF of 6 Li. At lower E/A, the fraction is even smaller. For the same E/A, the fission contribution following the capture of a 4 He fragment is very much lower, as clearly seen in Fig. 4 . These calculations are supported by the measured folding angle distributions for fission, which were consistent with complete fusion within experimental uncertainties.
The relatively small contribution of fission following ICF can be understood qualitatively, since the angular momentum and excitation energy brought in by an ICF fragment is on average lower than when the entire projectile fuses with the target, and the compound nucleus itself is less fissile [2] . Despite the heavier projectile, the above quantitative analysis justifies using the same approach as in Ref. [2] , and thus the measured fission cross sections are attributed only to CF.
D. Separation of Complete and Incomplete Fusion for Fr and Rn Products
The origin of the yields of Fr and Rn isotopes was determined making use of measurements of above-barrier fusion cross sections for the 30 Si + 186 W reaction [10] , which forms the 216 Ra compound nucleus following fusion. The direct production of Fr and Rn isotopes by ICF for this reaction should be insignificant at all measured energies, as 30 Si is expected to behave as a normal, strongly bound, non-cluster structure nucleus. Thus statistical model calculations [12] which reproduce both the fission probabilities and the relative yields of pxn and αxn evaporation for the 30 Si + 186 W reaction should reliably predict the charged particle evaporation for the 10,11 B reactions. The experimental ratios of fission cross sections to xn evaporation residues (plotted in this way to minimise bias due to ICF) are shown for the three reactions in Fig. 5 . The results for 30 Si + 186 W are corrected for the inferred quasi-fission contribution [10] . It is necessary that the statistical model calculations reproduce these experimental ratios to ensure that the ER calculations are for the correct angular momentum distributions. The calculations, using the code JOANNE2 [12] , were matched to experiment by scaling the fission barrier heights by factors 0.77, 0.83 and 0.85 for the reactions leading to 216 Ra, 219 Ra and 220 Ra respectively. A similar trend of barrier scaling factors with neutron number has been found previously [13] . Figs. 6(a) and 7(a) show the measured ratios [14] of the cross sections for pxn and αxn products divided by the xn cross sections, for the calibration reaction 30 Si + 186 W. The JOANNE2 calculations were found to give good agreement with the experimental data after multiplying by a factor of 1.8 for pxn and 1.5 for αxn. Using these scaling factors, the predicted pxn and αxn relative yields for the 10,11 B reactions [ Fig. 6 (b) and Fig. 7(b) ] lie far below the current measurements. This clearly indicates that a large fraction of the direct production of Fr and Rn isotopes is due to ICF. For the 10 
B +
209 Bi reaction, the data are consistent with 93±2% of the Fr and 90±2% of the Rn yields resulting from ICF, whilst for the 11 B + 209 Bi reaction, 85±4% of the Fr and 85±3% of the Rn yields result from ICF. Because the deduced cross sections of Fr and Rn from CF make such a small contribution to the total CF cross sections, the uncertainties in the Fr and Rn CF fractions do not make a significant difference to the deduced CF cross-sections.
E. Complete Fusion Cross Sections
The CF cross sections were determined by summing the yields for the Ra isotopes, the small fraction of the cross sections for Fr and Rn isotopes associated with CF (∼8% for 10 B and ∼15% for 11 B induced reactions), and the full fission cross sections. The total measured yields in each category, together with the deduced CF cross sections are presented in Table I for 10 B + 209 Bi and Table II  for 11 B + 209 Bi. The center-of-mass energies have been corrected for energy loss in the target. The errors given in the cross sections only reflect statistical uncertainties. The excitation functions for CF, for both reactions, are shown as filled circles in Fig. 8 . Having determined the CF yields, the determination of the suppression of CF by ICF is discussed in the next section.
The yields of other products of ICF, such as At and Po isotopes, together with transfer reactions, whose details do not affect the subsequent analysis, are presented and discussed in the Appendix. The sum of these cross sections are shown in Fig. 8 by open triangles (multiplied by a factor of 2 for clarity in the figure) . The sum of the measured cross sections for Rn and Fr not associated with CF are shown by open circles. Adding these cross sections to the deduced CF cross sections gives the total cross sections for almost all reaction products heavier than the target (indicated by open squares). These exceed the calculated total fusion cross sections as expected, as the cross sections for At and Po must include contributions from transfer reactions. 
IV. SUPPRESSION OF COMPLETE FUSION
To determine the suppression of fusion cross sections at above-barrier energies due to breakup of the 10,11 B projectiles, SBPM calculations were performed using the São Paulo potential (SPP) to give the real part of the nuclear potential [15] . In earlier works [16, 17, 18] , the SPP has proved reliable for reproducing fusion excitation functions for reactions involving both strongly bound and weakly bound projectiles (CF+ICF), and is particularly useful for measurements where experimental fusion barrier distributions are not available. The results of the SBPM calculations (solid lines) are compared with the experimental CF cross sections in Fig. 8 . As expected, the measured cross sections lie below the theoretical calculations. The ratios of the observed CF cross sections to those expected without breakup (defined as F CF ) are F CF = 0.85±0.01 for 10 B and F CF = 0.93±0.02 for 11 B. The larger reduction in CF cross sections for the 10 B induced reaction shows a correlation with the lower breakup energy threshold for 10 B (4.461 MeV) compared with 11 B (8.665 MeV), as might be expected.
A substantial part of the difference between the SBPM calculations and the experimental CF cross sections (∼ 70%) can be found in the measured yields of Fr and Rn isotopes which cannot be associated with CF. The presence of these unexpectedly large yields provides support for the conclusion from the SBPM calculations that CF is suppressed in these reactions.
A. Systematics of Fusion Suppression
To investigate the systematics of the suppression of fusion due to breakup, Fig. 9 shows the CF suppression F CF for reactions involving weakly bound projectiles and heavy target nuclei. These are for the reactions of 6 action, the data [5] have been reanalyzed to incorporate changes in the CC calculations, including rotational couplings for the 7 Li as in Ref. [2] . This resulted in slightly less suppression of CF (0.73) than the 0.70 reported in Ref. [5] .
Understanding systematic behavior is important to clarify the mechanism of break up and its effect on the fusion process. The dependence of F CF on the charge product of the reaction (Z P Z T ) is illustrated in Fig. 9 . The CF suppression for the reactions involving 7 Li (open circles) and 10 B (filled squares) projectiles are found to be rather independent of Z P Z T within experimental error. The values for 7 Li lie below those for 10 B, which may be expected due to the lower breakup energy threshold of 7 Li compared with 10 B. For the measurements involving 9 Be, the CF suppression (open triangles in Fig. 9 ) shows a strong variation with Z P Z T . The origin of this difference is not clear. It may be related to the physical mechanism of fusion suppression, or could possibly arise from different experimental techniques used to obtain the CF excitation functions.
This behavior makes it difficult to assess the dependence of the CF suppression on breakup threshold for the full data set. However, taking only the measurements on 208 Pb and 209 Bi targets, the data are rather consistent. The reactions 6 Li + 209 Bi [2] and 6 Li + 208 Pb [7] give the strongest suppression (F CF = 0.66). This is expected since the 6 Li nucleus has the lowest threshold against breakup (1.473 MeV) . Assuming that the yield of ICF is complementary to that of CF, the ICF fraction F ICF is given by F ICF = 1 − F CF ; this is probably only approximately true [2] . This ICF fraction is shown as a function of the projectile breakup threshold in Fig. 10 . A remarkably consistent correlation is seen, suggesting the dominant role of the breakup threshold. This may suggest a too simple picture of breakup, as the probability of excitation above the breakup threshold, as well as the threshold energy itself, must play the crucial role. Measurements of breakup at energies below the fusion barrier, where no significant capture of the fragments is expected, and the energetics of the breakup process may be reconstructed, are expected to give additional insights into the physical mechanism(s) of breakup [8, 9] .
V. SUMMARY AND CONCLUSIONS
Above-barrier cross sections of α-active heavy reaction products, as well as fission, were measured for the reactions of 10 Future planned measurements of below-barrier nocapture breakup, in conjunction with the results presented here (and in previous papers) of CF and ICF cross sections for reactions of projectiles with different breakup threshold energies, should be valuable in the development of realistic models describing breakup and fusion (complete and incomplete). In particular, in the near-future, a systematic study can test the recently developed three-dimensional classical dynamical model [8] , which relates below-barrier no-capture breakup yields with above-barrier CF and ICF cross sections.
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APPENDIX A: OTHER REACTION PRODUCTS
For the 10,11 B induced reactions, ICF could result in the production of many different isotopes of At and Po, as well as the Fr and Rn already discussed. For the At and Po isotopes, similar to the Rn isotopes, their direct production cross sections are obtained by subtracting their feeding through Fr and Rn parent decays (see Fig. 1 ). The direct production of At and Po isotopes can be associated with ICF and/or transfer reactions. The cross sections for production of both At and Po are given in Table III , and shown in Fig. 11 as a function of the center-of-mass energy.
At isotopes
All Fr isotopes formed have α-decay half lives short enough to contribute to the prompt yield of At isotopes. However, the feeding of the observed At isotopes is rather small compared with their direct production, so the feeding correction is not large. The observation of decay from the 212 At isomeric state (spin=9 − ; T 1/2 =0.119 s) in the α-spectra, which is not fed by the decay of 216 Fr, confirms the direct production of this isotope.
The cross sections for
210 At could not be determined individually, since it decays almost completely (99.82%) by electron capture to 210 Po, with T 1/2 =8.3 h. Assignment of yields to α-transfer or ICF have not been attempted, as determination of the suppression of CF, the main aim of this work, is independent of this assignment.
Po isotopes
The total cross sections for production of 210 Po (T 1/2 =138 days) were obtained from off-line spectra accumulated over a few days after the irradiations, when all 210 At will have decayed to Fig. 11 . The population of the high spin isomeric state implies that ICF is a significant route of population. The cross sections for 209 Po could not be measured due to its long half-life of 102 years. Based on the sizable production of 210 Po compared with 211 Po, a substantial yield of 209 Po might be expected. Thus in this work we could only determine the lower limit of the total cross section of At and Po.
